Urodynamics is considered as a standard diagnostic test for urinary incontinence using catheter tip sensors to measure the bladder pressure. Standard urodynamic measurement takes about 30 minutes, thus it is often not possible to monitor pathological change of pressure during this short period of time. In addition, different psychosocial factors could affect the result of standard urodynamics. In this paper we describe a new system for catheterless urodynamic measurement. The system consists of an implantable intravesical capsule that measures the pressure over a period of up to 72 hours. The system needs no components outside of the human body, so an outpatient treatment is possible, which allows measurements under conditions of the patient's daily routine.
Introduction
The overactive bladder (OAB) syndrome has become a major subject in the wild field of urology. 17,4% of the European women suffer from OAB and the consequent urinary incontinence [1] . OAB has a negative impact on the quality of life and is attended by a limitation of everyday life. Urinary incontinence is still a taboo subject in our society since patients just live with the problem without mentioning anything to their social environment due to embarrassment.
Overactive bladder
The diagnosis of OAB is characterised by the presence of urgency with or without loss of urine, often accompanied by nocturia and frequency. These combinations of symptoms are suggestive of urodynamically demonstrable detrusor overactivity (DO) [2] . DO is characterised by spontaneous involuntary or provoked contractions of the musculus detrusor vesicae during the filling period of the urinary bladder. Two different subtypes of OAB can be distinguished: Wet OAB which is accompanied by involuntary loss of urine, and dry OAB without involuntary loss of urine where urgency is the dominating symptom. While the first is more frequent in women, the latter predominantly affects men. OAB can be based on various causes. There are two different types of OAB: First, the neurogenic OAB that is caused by multiple sclerosis, Parkinson disease, diabetes mellitus or spinal cord lesions and second, the idiopathic OAB that is often not linked to a definite cause. In many cases also psychic factors or structural variations of the ageing bladder have been found.
Standard urodynamics
Standard urodynamics is an important diagnostic tool to distinguish between different types of urinary incontinence. The urinary bladder gets filled with moderately heated sodium chloride fluid through a urethral measurement catheter using a pumping system with arbitrary velocity. During this iatrogenic filling of the bladder the abdominal pressure is recorded by a rectal catheter, and the vesical pressure is recorded by the transurethral catheter. The pressure of the musculus detrusor vesicae himself is calculated from the difference of the both pressures mentioned before. The length of measuring depends on patient's compliance and his bladder capacity. It is necessary to position the patient half-naked on a gynaecological examination chair in front of the examiner for the whole duration of the measurement. Generally the examination takes about 20-40 minutes.
Catheterless pressure measurement
During the last years several miniaturized pressure measurement systems for medical applications have been developed. The catheterless pressure measurement is generally of great interest for many medical applications such as intracranial pressure measurement [3] or real-time blood pressure measurement [4] . Some devices have been designed especially for the intravesical pressure measurement [5] [6] [7] [8] . Implantable measurement systems have to be very small, so that the power supply is one of the most crucial topics. If no continuous measurement is desired or the system has to remain for more than a few days in the human body, telemetric power supply is applicable. In most cases this is achieved by inductive power submission. The measured data is also transmitted wireless. The main disadvantage of these systems is that they need at least one extracorpor-eal part which limits the daily activities of the patients. A further aspect of intravesical measurement systems is the fixation within the bladder. It has to be ensured that the system is not expulsed from of the bladder during micturition. Clasbrummel [7] suggested suturing the system inside the bladder, other systems are too large so that an expulsion is impossible [6] , but they are not implantable through a cystoscope. Some authors give no information how to prevent an expulsion [8] . We suggest a Cshaped flexible capsule that in straightened state can be pushed or pulled through a cystoscope and inside the bladder becomes C-shaped, therefore an expulsion is not possible. This shape will be given during silicone moulding.
Medical background

Diagnosis of overactive bladder
In addition to the medical history that can be complemented by a micturition diary, vaginal examination and, as an extended diagnostic, standard urodynamics is a fundamental of the incontinence diagnosis. An exact differentiation of the various types of incontinence can often only be made with an urodynamisc measurement. Moreover, urodynamics is currently the only method to detect overactivity of the bladder. Principally, standard urodynamics can provide typical evidence such as an early first urge to urinate, a reduced capacity of the bladder and an overactivity of the detrusor with or without involuntarily loss of urine. The treatment of OAB should be based on a level scheme. The lower level consists of lifestyle modification including toilet training and pelvic floor exercises. This lifestyle modification is accompanied by a medical therapy with anticholinergic drugs that, due to their antagonistic effects on muscarinic receptors, relax the musculus detrusor vesicae. Further stages of OAB therapy are invasive and minimally invasive methods such as sacral neuromodulation and the injection of botulinumtoxine into the bladder. However, to treat urinary incontinence in a targeted manner and to prevent unnecessary use of medication, an accurate and detailed diagnostic is essential.
Requirements for systems of urodynamics
Many patients present clinical symptoms which suggest that they have a disorder in bladder emptying. However, during the standard urodynamics most patients do not show any pathology. Moreover, our analysis has shown that 92% of the patients with clinical symptoms of overactive bladder do not have any abnormalities during standard urodynamics. The following explanations can be given for this phenomenon:
• Small time schedule: Standard urodynamics measurements detect changes in abdominal and vesical pressure dependent on vesical filling only for 20-40 minutes. Thus standard urodynamics only shows a short time schedule in which the pathological change of intravesical pressure does not appear. Therefore, with a new type of catheterless long term urodynamics, the detection over a long period of time up to 72 hours should be possible.
• Psychosocial factors:
A variety of psychosocial factors might have an impact on the results of standard urodynamics. Conditions during the examination do not reflect the daily situation of the patient. Standard long-term urodynamics can only be performed having inserted a transurethral and transrectal catheter, often under hospitalized conditions. Therefore, long term urodynamics are rarely practiced. However, with using a new type of catheterless long term urodynamics it would be possible to integrate the measuring into the patient's normal daily routine to achieve a measurement close to reality. As known from literature approximately 50% of patient cases with clinical manifestations of OAB revealed normal urodynamic findings without DO [9] [10] . With the new UD-measuring capsule many patients, that did not get an exact result using the standard urodynamics, could now receive a precise classification of their bladder malfunction. This would change the therapy concept for the concerned patients. For example, OAB patients without DO will go through the standard urodynamics, while OAB patients with DO will receive the new catheterless long term urodynamics. So the therapy with anticholinergic drugs would be a specific one and anticholinergics could be avoided in patients without DO proven by using the catheterless long term urodynamics. This may save enormous cost in the health care system and clinical trials. For the individual patient a priori severe side effects from anticholinergic therapy could be partially avoided. Thus, due to more complete information, specific therapeutic choices would now be possible to offer to the patient.
Design and implementation
The developed measurement capsule consists of a MEMS pressure sensor (Bosch BMP180), a microcontroller (Texas Instruments MSP430F2012), an EEPROM for storing the measured pressure data and a battery based power supply. Microcontroller, EEPROM and pressure sensor communicate via I 2 C-Bus. Because the capsule should be implanted into the patient's bladder through a cystoscope, it has to fit the inner diameter of the cystoscope. This restricts the maximum outer diameter of the capsule to 5.5 mm. A commercially available battery which fits into this size is the type 337 with Ø 4.8 mm and 1.64 mm height. It has a nominal voltage of 1.55 V and a capacity of 8 mAh. The supply current, especially of the microcontroller, strongly depends on the operating frequency as it is shown in Image 1. Furthermore, it is also affected by the supply voltage, so it is recommended to operate the sys-tem at the lowest possible voltage which is limited to 2.5 V by write operations of the EEPROM. The 2.5 V supply voltage is provided by a fixed output linear regulator (Texas Instruments TPS72725) which is supplied by two batteries (type 337) in series. Compared to a DC/DC converter, at very low currents (<100 µA) the linear regulator has a significant higher efficiency for low voltage differences as they are given in this case (conversion from 3.1 V to 2.5 V).
The electronics is soldered on a double sided flexible printed circuit board. Together with the batteries it is encapsulated with biocompatible silicone (NuSil MED-6015), so a switch is needed for turning on the measurement system. A small reed switch is used to open an Nchannel MOS transistor that in off-state isolates the ground potential of the circuitry from the batteries. In closed state the resistance between drain and source of the transistor is 320 MΩ, which leads to a very small self-discharge of the batteries and enables a storage of the encapsulated and sterilized measurement system for up to one year. If the system is switched on by means of an external magnet, the microcontroller toggles a LED for four seconds. After this time the transistor is hold open by an out-pin of the microcontroller and the external magnet can be removed. This gives the possibility to test the batteries before implanting the capsule without switching on the measurement system. Image 2 shows the top side of the unmolded electronics with the two battery holders, LED and reed switch, microcontroller and the EEPROM (from left to right). The system has to be able to measure even fast pressure changes as they occur for example due to contractions of the musculus detrusor vesicae or due to coughing. A measurement frequency of 4 Hz is appropriate for this. If all measured values would be saved, a very large EEP-ROM would be required, but during normal bladder filling, the pressure changes very slowly and values need only to be saved once a minute. This issue has been solved by an algorithm that stores a new pressure value in the EEPROM only if it differs from the former stored value by a given threshold, or the time difference between the actual measurement value and the last stored value is Δt = 60 s. By this means, a high measurement dynamic is reached on the one hand and the required memory is low at the other hand. Up to 21,500 measured values with related time stamp can be stored in the used 1M-EEP-ROM. The straightened capsule is approx. 45 mm long and 5.5 mm in diameter, therefore it is possible to insert it through a cystoscope into the bladder. To remove it out of the bladder, one end of the capsule is flattened, so it is possible to catch it with a gripper and pull it through the cystoscope.
Results
Besides the size of the capsule, the major interest has been an operating time of at least 72 hours, which only depends on the battery capacity and the power consumption of the electronics. Due to the measurement resistance and the amplification of the instrumentation amplifier, the current consumption is
With the battery capacity of 8 mWh a theoretical operating time of 107 hours can be expected, but the usable capacity of batteries strongly depends on the drawn current. Real time measurements have shown an operating time of 84 hours, so the desired 72 hours operating time can be reached.
Due to moulding of the flexible circuit board, the sensitivity of the pressure sensor decreases. We have tested the pressure-signal of an unmoulded and a moulded sensor at a range of 800 to 1100 mbar; the results are depicted in Image 4. As to see, the pressure-signal of the moulded sensor is even a straight line. In comparison to the unmoulded sensor, the sensitivity of the moulded sensor is lower and the measured pressure is smaller than the pressure outside the capsule because the silicone moulding damps the pressure which affects the sensor.
Conclusions
We have developed a new catheterless urodynamics measurement method that improves urodynamic testing. The new measurement capsule offers the possibility to implant the capsule into the patient's bladder and allows an outpatient treatment. The measurement can take place at home for a longer period of up to 72 hours during the patient's normal daily routine. This project presents a trend-setting innovation in the diagnostic of urinary incontinence and will fill a diagnostic gap. Consequently, a specific therapy of the affected patients can be provided. First clinical trials are planned for summer and autumn 2012.
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